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Ion implantation has been applied to modify the surface properties of yttria-stabilized zirconia (YSZ). A three-electrode cell 
was used for measuring steady state current-overpotential curves and for determining the electrode impedance. An increase of the 
equilibrium exchange current density at the Au, O2(g)/yttria stabilized zirconia interface with a factor 10-50 has been observed 
after the implantation of 15 kV 56Fe up to a dose of 8 × 10 t6 at. cm- 2. This increase results from a broadening of the active surface 
area due to an increase in the electronic onductivity of the Fe implanted YSZ surface and from an increase of the fraction of 
coverage of the adsorbed oxygen molecules. The double layer capacitance of the Au, Oz.JYSZ interface increases with a factor 
10-100 after the Fe implantation. This is most likely due to the variable oxidation state of the implanted Fe ions, thus providing 
an additional way for charge accumulation. In comparison with the not implanted Au, O2,g/YSZ interface no changes in the rate- 
determining steps of the oxygen exchange mechanism occur after Fe implantation. Similar apparent charge-transfer coefficients 
have been determined. A slight decrease in the oxygen partial pressure dependence of I0 is observed. The experimental results can 
stili be explained with a reaction model where the charge-transfer p ocess is in competition with the surface diffusion of molecular 
adsorbed oxygen species along the noble metal-solid electrolyte interface. At cathodic and anodic overpotentials inductive ffects 
appear at low frequencies in the impedance diagram. The inductive ffects result from a charge-transfer mechanism where a step- 
wise transfer of electrons to adsorbed oxygen species takes place. 
1. Introduction 
The surface modi f icat ion of  ceramic materials by 
ion beam techniques [ 1-3 ] is a topic which has re- 
cently attracted considerable interest. The changes 
in the chemical  compos i t ion and microstructure of  
the ion implanted layer result in important  varia- 
t ions of  the electrical and catalytic propert ies of  ce- 
ramics [4].  In this paper the inf luence o f  Fe im- 
plantation on the electrochemical properties ofyttr ia-  
stabi l ized zirconia (YSZ)  is studied. 
YSZ is an oxygen ion conduct ing solid electrolyte 
with appl icat ions in oxygen sensors, oxygen pumps 
and fuel cells [5 ]. The transfer of  gas-phase oxygen 
to the bulk (and vice versa) at the e lectrode/e lec-  
trolyte interface is an important  process in all those 
applications. This oxygen exchange is descr ibed by 
the fol lowing overal l  reaction: 
O2(g) +2Vo + 4e-  ~200,  ( 1 ) 
where, in Kr6ger-V ink notation, O5 is a normal 0 2- 
ion in the yttr ia-stabi l ized zirconia lattice and Vo is 
an oxygen vacancy. The exchange reaction is geo- 
metrical ly l imited to the three-phase boundary be- 
tween the solid electrolyte, noble metal electrode and 
gas atmosphere.  The surface of  the solid electrolyte 
is known to have a pronounced inf luence on the rate 
of  this oxygen exchange reaction [6 -8] .  It provides 
active sites for oxygen adsorpt ion and may transport 
adsorbed oxygen species to the noble metal  elec- 
trode, but it cannot part ic ipate in the electron trans- 
fer reaction as the electronic onduct iv i ty  is too low. 
Besides propert ies of  the solid electrolyte surface, the 
nature of  the noble metal electrode also has a pro- 
nounced inf luence on the rate of  the oxygen ex- 
change reaction. 
Mixed conduct ing oxides with a high ionic and 
electronic onduct iv i ty  are expected to have consid- 
erable advantages as an electrode material  in com- 
parison with the presently used electronic conduc- 
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tors [7,9,10]. With good mixed conducting oxides 
the oxygen exchange would occur over the entire 
electrode surface. 
This paper reports eflbrts to develop mixed con- 
ducting electrode materials by doping yttria-stabi- 
lized zirconia with transit ion metal oxides [ 11-14]. 
The doping takes place by the implantat ion of the 
corresponding transition metal ions into yttria-sta- 
bilized zirconia discs. It is shown that the implan- 
tation of a high dose of Fe ions results in an increase 
of the equil ibrium exchange current density at the 
Au, O2,g/yttria-stabilized zirconia interface. 
2. Experimental 
The preparation of the yttria-stabil ized zirconia 
(YSZ, 13 cation% Y) discs has been discussed else- 
where [15,16]. The ion implantations have been 
performed at room temperature in a vacuum of 
4 X 10 -7 Tort. The YSZ discs were implanted per- 
pendicularly to the sample surface at a beam current 
density of 2 ptA cm -2 using the isotope separator of 
the Laboratory for General Physics (LAN)  at the 
State University of Groningen. FeC12 4H20 (Merck, 
p.a.) was used as feed material for the hot cathode 
ion source. The experiments presented in this paper 
have been performed on YSZ discs implanted with 
15 keV 56Fe up to a dose of 8x l016 at. cm 2. Due 
to concurrent sputtering of the target surface during 
implantation a dose of approximately 3X 10 ~6 at. 
cm -2 Fe remains in the sample [18]. After implan- 
tation, the YSZ discs showed a brown metallic col- 
our. Upon oxidation in air at 400°C the discs ob- 
tained an orange colour. An area of 8 mm 2 at the 
centre of the yttria-stabil ized zirconia sample was 
protected against iron implantat ion by an alumin- 
ium mask. 
Annular working and counter electrodes were made 
by sputtering 500 nm Au on both sides. The edge and 
centre of the pellet were protected against Au de- 
position by an aluminium mask. In the electrochem- 
ical cell the pellet was sandwiched by two annular Au 
foils with Au leads. The implanted discs were ex- 
pected to exhibit electronic onduction in the near 
surface region. Hence the reference electrode was 
placed on the not implanted part of the sample in the 
centre of the annular working electrode in order to 
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Fig. 1. Geometry of the three-electrode el ctrochemical e l. The 
working (W) and counter (C) electrode have an annular sym- 
metry. The reference electrode (R) is placed at the same side of 
the sample as the working electrode. 
prevent possible electronic short-circuiting with the 
working electrode. The resulting three-terminal elec- 
trochemical cell is presented schematically in fig. 1. 
The cell was heated in a tubular Hereaus furnace 
controlled by an Eurotherm Model 810 temperature 
controller in the temperature range of 500-800°C. 
The N2/O2 gas mixtures of desired ratio were ob- 
tained by a gas mixing system ( Inacom instru- 
ments). Gas flow rates were kept at about 80 m~/ 
rain (STP).  The ambient gas mixture was kept at 
atmospheric pressure. The Au electrode was condi- 
tioned by heating for 12 h at 820 ° C and for two weeks 
at 769°C in an oxygen atmosphere. 
The electrode polarization measurements were 
performed under potentiostatic control using a Bank 
Pos 73 potentiostat. The actual electrode polariza- 
tion was obtained by correcting the applied voltage 
for the voltage drop due to the uncompensated re- 
sistance between the working and reference elec- 
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trode. The uncompensated resistance was deter- 
mined by impedance spectroscopy. Current densities 
were calculated by dividing the cell current by the 
geometric area of the working electrode (0.659 cm2). 
The electrode impedance was measured in the 
three-electrode c ll over a frequency range of 10 
mHz-100 kHz using a Solartron 1174 frequency re- 
sponse analyzer. An excitation voltage of 10 mV rms 
was added to the dc polarization. The (differen- 
tial-) dc electrode resistance, Rej, was obtained by 
varying the potential _+ 5 mV around the dc polari- 
zation used in the impedance measurements, and 
measuring the steady state current. The electrode re- 
sistance was determined from the slope of the steady- 
state current versus overpotential plot. 
The electrode morphology of fresh and used sam- 
ples was studied with scanning electron microscopy 
(SEM),  see fig. 2. The apparatus for the ~80 ex- 
change measurements has been described elsewhere 
[17]. The 180 diffusion profile was determined by 
dynamic SIMS ( IMMA of Applied Research Labo- 
ratories, supplied with a duoplasmatron ion source 
delivering a 20 keV JSN+ ion beam with a beam di- 
ameter of 1.5 ~tm FWHM) .  Secondary ions were 
mass selected in a magnetic sector analyzer. SIMS 
measurements were performed at room temperature. 
3. Results 
3.1. Sur face compos i t ion  
The Fe depth profile [ 16,18], determined by 
Rutherford Backscattering (RBS),  after oxidation at 
400°C during 1/2 hour in air, is presented in fig. 3. 
A doped zone with a maximum Fe concentration of  
~ 50 p.m 
Fig. 2. Scanning electron micrographs ofporous Au electrodes on 
YSZ after approximately 40days of varied history: (a) not im- 
planted; (b) and (c) Fe implanted showing different areas on 
the same sample. 
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Fig. 3. Fe implantation profile in YSZ, determined by RBS, after 
annealing at 400°C in air for I /2 h. The horizontal broken line 
indicates the equilibrium solubility of Fe203 (cation %) in YSZ 
at 1500°Cin air [18]. 
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Fig. 4. Schematic presentation of the distribution of Fe in YSZ 
after ion implantation and oxidation at 400°C in air. 
50 cation% is created with a thickness of about 20 
nm at the surface of the yttria-stabilized zirconia 
sample. The horizontal broken line represents the 
equilibrium solubility level of Fe203 in ZY17 at 
1500°C in air [ 18 ]. XPS measurements showed that 
the implanted Fe ions are present in the Fe 3+ oxi- 
dation state after the oxidation treatment [16,19 ]. 
Ion scattering spectroscopy (ISS) measurements 
[ 16,18 ] indicate that the outermost surface layer with 
an estimated thickness of less than 2 nm consisted 
mainly of Fe203.  This is schematically presented in 
fig. 4. Due to the limited depth resolution of the RBS 
measurements this thin Fe203 layer is not observed 
in the profile of fig. 3. A more detailed discussion 
about the thermal stability and microstructure of the 
implanted layer has been presented in [ 16,18,19 ]. 
3.2. Steady state polarisation 
Fig. 5 shows a current-overpotential curve of the 
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Fig. 5. Current-overpotential curve of the porous Au, O2.JFe- 
YSZ. For comparison the curve for the reference Au, O2,JYSZ 
sample [ 151 is also given. 
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Fig. 6. Tafel plot presentation fthe current-overpotential curves 
of fig. 5. 
Au,  O2 ,g /Fe -YSZ interface obtained at 769°C and 
Po2 = 1 atm. The current-overpotential curve of the 
not implanted Au, O2,g/YSZ interface, measured un- 
der the same conditions, is shown for comparison. 
Comparison shows that modification of the YSZ 
surface by implantation with Fe ions results in a ten 
fold increase in the electrode current. 
Fig. 6 presents the results of fig. 5 in the form of 
a Tafel plot. From this plot the apparent cathodic 
and anodic charge transfer coefficients are obtained: 
ac=0.60-L-_0.01 and a,=2.35_+0.01 for Fe-YSZ, 
which are slightly different from the values found for 
the not implanted sample: ac=0.66£0.01 and 
aa = 2.08 _+ 0.03. The temperature dependence of the 
apparent charge transfer coefficients of the Fe doped 
sample is shown in fig. 7. The cathodic transfer coef- 
ficient is reasonably constant and has a mean value 
of ac=0.55_+0.04. The apparent anodic transfer 
coefficient is somewhat more temperature depen- 
dent and has a mean value of a a-= 2.28 + 0.08. These 
mean values are again rather close to those of the not 
implanted sample [ 15,16 ]. 
The temperature dependence of the exchange cur- 
rent density of the Fe-YSZ sample is presented in 
the Arrhenius plot of fig. 8. Measurements have been 
performed on two identical samples (A and B). Ini- 
tially sample B (denoted Bm~,) showed a three times 
lower Io value than observed for sample A. After per- 
forming a series of  cyclic voltammogram easure- 
ments [ 16,20] on sample B (denoted Bn.a~) high lo 
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Fig. 7. Apparent charge transfer coefficients of the Au, O2.g/Fe- 
YSZ interface as function of the reciprocal absolute temperature 
at Po2 = 1 atm. 
values, similar to those found for sample A, were ob- 
tained (see fig. 8). Apparently the cyclic voltam- 
metric measurements caused some sort of ageing of 
the Au electrode. 
The I0 values of the reference YSZ sample [15,16 ]
are also shown in fig. 8. These measurements were 
found to be reproducible within a factor 2. The re- 
sults shown in fig. 8 represent a best case. From this 
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Fig. 8. Arrhenius plot oflo values for the Au, O2,~/Fe-YSZ inter- 
faces in comparison with the 10 value of the not implanted YSZ 
surface [ 15 ] : ( [] ) Bruit., ( A ) Bfl,ai, see text. 
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Fig. 9.1o as function of oxygen partial pressure at 769°C for the 
Au, OzJFe-YSZ interface. Results for the Au, O2,JYSZ inter- 
face [ 15 ] are presented for comparison: ([])  B~,~,., ( a ) gn,a~, 
see text. 
figure it can be concluded that the exchange current 
density for a porous Au electrode on YSZ increases 
with a factor 10-50 after implantation of Fe. The ac- 
tivation energy of I0 for sample Bin~, is Eact= 141 _+ 5 
kJ/mol, which is larger than found for the reference 
YSZ samples, Eac~--ll2_+2 kJ/mol. Sample A 
showed, however, an activation energy of 115 _+ 3 kJ/ 
mol, similar to that of the reference sample. 
Due to redox phenomena atthe Au, O2,g/Fe-YSZ 
interface at low oxygen partial pressures (Po: < 10 -3 
arm), the oxygen partial pressure dependence of Io 
could only be investigated in the range 10- 3 < Po2 < 1 
atm. In this range the logarithm of I0 shows a pos- 
itive dependence on the logarithm of Po2 with a slope 
of m = 0.51 _+ 0.07, the mean value for the three mea- 
surements presented in fig. 9. This Po~ dependence 
of I0 is somewhat smaller than observed for the not 
implanted samples (m = 0.60 _+ 0.02 ). As for the YSZ 
reference sample the apparent charge transfer coef- 
ficients of the Au, Ozg/Fe-YSZ electrode xhibit lit- 
tle dependence on the Po~ (fig. 10). 
3. 3. Impedance spectroscopy 
3. 3. I. Polarized interface 
Impedance measurements have been performed as 
a function of frequency at the overpotentials indi- 
cated in fig. 11. The results are presented for the Fe 
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Fig. 11. Current-overpotential curve of the Au, O2,JFe-YSZ in- 
terface measured at 769°C and Po2 = 1 atm. The overpotential 
values where impedance measurements have been performed are 
indicated by a square. 
implanted sample Bin, (before cyclic voltammetric 
experiments had been performed).  For the other Fe 
implanted samples imilar results were obtained. 
The measurements were analyzed with the com- 
puter program "Equivalent Circuit" [21], The 
equivalent circuit presented in fig. 12 was found to 
reproduce most closely the measured impedance 
spectra. Values of the equivalent circuit parameters 
are summarized in table 1. The double layer capa- 
citance, Ca, and all other capacitive or inductive ef- 
fects (CPE~, CPE2 and CPE3) have been analyzed in 
terms of a constant phase element (CPE).  The CPE 
CPE1 t ed[ 
CPE2 CPE3 
Fig. 12. Equivalent circuit used in the NLLS-fit analysis of the 
impedance diagrams presented in fig. 13. 
impedance is given by: 1 / ( 1Io (j~o) n), where co is the 
angular frequency and j 2= _ 1. It is characterized by 
two parameters: 11o and n. The latter determines the 
dimension of 11o (snD-~).  n will be referred to as the 
exponent value of the CPE. 
At cathodic overpotentials, r/< -0 .1  V, an induc- 
tive loop appears in the impedance diagram at low 
frequencies. This is i l lustrated by the impedance dia- 
grams shown in fig. 13a and b, which have been mea- 
sured at r /=-0 .614  V and q=-0 .404  V, respec- 
tively. At r/= -0 .1  V the inductive loop turns into a 
capacitive loop, see fig. 13c. The capacitive loop at 
low frequencies has been indicated by the drawn de- 
pressed semicircle. At equil ibrium ( q = 0 V ) the con- 
tribution of this capacitive loop to the electrode 
impedance is small as shown in fig. 13d. This ca- 
pacitive loop becomes more apparent when the ov- 
erpotential increases towards r/= +0.1 V, where it 
determines more than half of the dc electrode resis- 
tance (fig. 13e). At r/= +0.15 V once again an in- 
ductive loop appears in the impedance diagram at 
low frequencies (fig. 13f). 
The uncompensated resistance, Ru, in the equiv- 
alent circuit (fig. 12) is presented as a function of 
the overpotential in fig. 14. Taking into account he 
experimental uncertainty in Ru, it can be considered 
to be independent of the overpotential. 
The resistance R~ and the constant phase element 
CPE~ could not be determined accurately as this 
combination provides, only at high frequencies, a
minor but non-negligible contribution to the overall 
frequency dispersion. The physical significance will 
be discussed in section 3.3.3. 
The polarization dependence of the double layer 
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Table 1 
Values of the equivalent circuit element parameters (fig. 12 ) obtained from the NLLS-fit analysis of the electrode impedances presented 
in fig. 13. Resistances are expressed in ohms, the Yo parameters of the constant phase elements in s n ~-  t, where n is the CPE exponent 
value. 
Equivalent Overpotential (V) 
circuit 
element -0.614 -0.404 -0.202 -0.1 0 0.105 0.147 
Ru 2.9 6.0 5.4 5.0 4.7 4.6 7.6 
R~ 3.5 2.6 8.6 8.6 15.3 
CPEt 6.0X 10 -4 2.5)~ 10 -5 1.6X 10 -4 1.9X 10 -4 6.7X 10 -4 
n~ 0.46 0.98 0.75 0.74 0.6 
Cd~(CPE) 2.6×10 -4 7.4)<10 _5 4.5X10 s 6.3×10 5 8.7×10 5 7.3×10-5 2.2x10-5 
hal 0.89 0.91 0.87 0.83 0.81 0.74 0.83 
Rct 23.4 121 487 702 293 12.9 10.4 
Rz 3.6 8.0 119 168 55.1 24.4 9.2 
CPE2 9.72 0.861 1.64×10 -3 2.08X 10 -3 5.75)<10 -3 1.92×10 -3 7.23X 10 -3 
n2 - 0.94 - 0.92 0.48 0.63 0.61 0.65 0.62 
R3 10.0 21.3 21.6 36.1 0.173 1.13 
CPE3 2.49× 10 -2 6.92× 10 -3 1.94× 10 3 5.04 0.846 0.112 
n3 -0.81 -0.68 -0.96 1.0 - 1.0 -0.93 
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Fig. 13. Impedance diagrams (769 ° C, Po2 = 1 atm) as obtained from the Au, O2,/Fe-YSZ interface as function of the overpotentiah 
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NLLS-fit analysis of the spectra of fig. 13. Values of the apparent 
charge transfer coefficients are indicated. 
capacitance, Cd~ of the implanted and the reference 
sample are presented in fig. 15. Comparison shows 
that Cdl increases one order of magnitude after Fe- 
implantation. The double-layer capacitance is as- 
sumed to be in parallel with the faradaic impedance 
of the electrode, which is presented by the circuit ele- 
ments Rot, R2, CPE2, R3 and CPE3 in the equivalent 
circuit of fig. 12. 
The electrode resistance, Re~, is obtained by sub- 
tracting the uncompensated resistance, R,, from the 
measured c point in the impedance diagram. Rej de- 
pends exponentially on the applied overpotential (see 
- 3 1,0 I i I I I 
~ D . . . .  - -  ~ ~ - e  0,8 
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Fig. 15. CPE parameters ( Yo, n) related to the double layer ca- 
pacitances (Cd~) of  the Au, O2. JFe-YSZ interface and the ref- 
erence Au, O2.g/Fe-YSZ interface as function of  the overpotential. 
fig. 14). This behaviour follows directly from the 
partial differential (O/OV) of the Butler-Volmer 
equation. The apparent cathodic transfer coefficient 
obtained from fig. 14, c~=0.62+0.03, is within ex- 
perimental error equal to the cathodic Tafel slope 
presented in fig. 6: c~,.=0.60_+0.01. The apparent 
anodic transfer coefficient (c~, = 1.8 _+ 0.1 ) deviates 
more seriously from the one of the Tafel plot 
(c~a=2.35_+0.01), possibly due to the longer stabi- 
lisation time in the impedance measurements. Fig. 
14 shows also that the major contribution to the elec- 
trode resistance is given by the charge transfer e- 
sistance, Rct. 
The parallel combination of the circuit elements 
R2, CPE2, Rs and CPE3 in fig. 10 will be called the 
concentration impedance of the adsorbed oxygen 
species, in order to facilitate the discussion of the re- 
sults. This concentration impedance shows a com- 
plicated behaviour as function of the overpotential. 
At cathodic overpotentials the concentration imped- 
ance of the adsorbed oxygen species manifests itself 
in the impedance diagram as an inductive loop at 
low frequencies. At anodic overpotentials a capaci- 
tive loop appears in the low frequency part of the 
impedance diagram. 
The behaviour of the measured impedances with 
respect to the overpotential is almost identical to what 
is observed for the Au, O2.g/YSZ electrode imped- 
ances [15,16]. The major difference is the much 
smaller dc electrode resistance observed after Fe im- 
plantation, as shown in fig. 16. This corresponds to 
the measured increase in the equilibrium exchange 
current density. 
3.3.2. Unpolarized interface, temperature 
dependence 
Impedance measurements have been performed at 
zero overpotential s a function of the temperature 
and oxygen partial pressure. The equivalent circuit 
which describes the measurements in a mathemati- 
cal way is similar to the one shown in fig. 12, but the 
parallel combination of R3 and CPE3 is not present 
when the interface is at equilibrium. Below results 
are presented for sample Bi,i,. For the other Fe-im- 
planted samples imilar results were obtained. 
The uncompensated resistance, R,, is temperature 
dependent with an activation energy of Eac t = 103 _+ 3 
kJ/mol (fig. 17), which is equal to that of the ionic 
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conductivity of the YSZ sample. The same was ob- 
served for the Au, Omg/YSZ interface [ 15,16 ]. 
The parallel combination of R, and CPE~ gives a 
small contribution to the impedance diagram at high 
frequencies. R, is temperature d pendent with an ac- 
tivation energy ofEac, = 98 _+ 3 kJ/mol, which is about 
equal to the activation energy of Ru. The Yo value of 
the constant phase element CPE~ decreased from 
Yo=9×10-5 sn D-1 at 770°C to Yo=2×10 -5 S" 
D- '  at 520°C with exponent values of n=0.72 and 
n = 0.78, respectively. 
The temperature dependence of the double layer 
capacitance is shown in fig. 18. In comparison with 
the double-layer capacitance of the reference YSZ 
sample the capacitance is one order of magnitude 
larger. 
The charge-transfer r sistance, Rot, is temperature 
dependent with an activation energy ofEact= 111 _+ 4 
kJ/mol (fig. 17), which is larger than observed for 
the not implanted sample (Eac~ = 89 + 2 kJ/mol). 
The temperature dependence of resistance R=, 
which is related to the concentration impedance of 
the adsorbed oxygen species, is also presented in fig. 
17. From this figure an activation energy of 130_+ 6
kJ/mol is obtained. The temperature dependence of
the corresponding constant phase element, CPE2, is 
given in fig. 19. The value of the exponent of this 
CPE 2 is in the range 0.5<n<0.7. The large scatter 
in the data reflects the small contribution of this part 
of the equivalent circuit to the total electrode imped- 
ance under equilibrium conditions. 
3.3.3. Unpolarized interface, Po2 dependence 
Because of the redox phenomena at low Po2 men- 
tioned above, all Po2 dependent measurements were 
restricted to the range 10- 3< Po2 < 1 arm. All these 
measurements were performed at 769 ° C. As the un- 
compensated resistance, R,, is determined by the 
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ionic conductivity of the YSZ sample, it is also in- 
dependent of the oxygen partial pressure (fig. 20). 
The resistance R~ and the constant phase element 
CPEI too are independent of the oxygen partial pres- 
sure. For CPE t a mean value of Y0 = 9 X 10- 5 s ~ ~- ,  
and n=0.70 was obtained. This Po2-independence 
suggests that this sub-circuit is not involved in the 
oxygen exchange reaction. Most likely it results from 
the interface between the Fe implanted layer and the 
solid electrolyte. Further research is required to clar- 
ify this point. 
The double layer capacitance, Cd~, depends only 
weakly on the Po2 (fig. 21 ) and is one order of mag- 
nitude larger than observed for the not implanted 
sample, which is in line with the comparison of the 
results from the temperature dependent 
measurements. 
For Fe-YSZ the log Rc,-log Po2 plot shows a linear 
dependence with a slope of m = 0.25 _+ 0.03 (fig. 20 ). 
The order of this dependence is smaller than found 
for the not implanted sample (m=0.53  _+ 0.01 ). 
The concentration impedance related resistance R2 
of the Fe implanted sample strongly depends on 
Po2 (fig. 20). The dependence order, m = 0.80 _+ 0.07, 
is larger than the dependence observed for the ref- 
erence YSZ sample (m=0.67+0.02) .  The Yo value 
of the constant phase element CPE2 is somewhat 
larger than for the not implanted sample. It also de- 
pends strongly on Po2 as shown in fig. 22. A decrease 
in Yo with two orders of magnitude is observed when 
the oxygen partial pressure is changed from 1 atm to 
10-3 arm. The value of the exponent of the CPE 2 is 
in the range 0 .54<n<0.58 .  Hence this CPE resem- 
bles a semi-infinite diffusion impedance (Warburg).  
3.4. ~0 exchange measurements 
The effect of the Fe implantation on the oxygen 
exchange rate of the YSZ solid electrolyte in absence 
of an Au electrode was studied by 180 exchange 
measurements in combination with dynamic SIMS. 
The samples were exchanged for 60 min at 750~C in 
180 enriched oxygen gas with an isotope ratio 
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Table 2 
Mean values of '80 ratios over the first 2 /am of YSZ and Fe- 
implanted YSZ solid samples. The exchange was carried out at 
Po2 =0.25 arm at 750°C. Gas-phase ~80 ratio, R~ s, was 0.92 
Sample Time 'sO ratio, R~ s 
(min) 
YSZ 60 (2.9+0.7) X 10 -3 
Fe-impl. YSZ 60 (3.1 _+0.3)X 10 2 
R~8= 180/ (180+160)=0.92 .  The results are sum- 
marized in table 2. The dynamic SIMS analysis of 
the Fe-implanted sample indicated a flat 180 isotope 
profile up to 2 ~tm deep with a mean isotope ratio, 
R~ 8, of (3.1 _+0.3)X 10 -2. Under identical condi- 
tions a value of R~8= (2.9 + 0.7)X 10-3 was mea- 
sured for the not implanted sample. This is only 
slightly higher than the natural background ratio 
(RI8=2X 10-3). 
4.  D iscuss ion  
With respect o a reference YSZ sample the equi- 
librium exchange current density was found to be in- 
creased by a factor 10-50 after Fe-implantation (15 
keV Fe, with a dose of  8X  1016 at. cm-2). The cur- 
rent densities were obtained by dividing the ex- 
change currents by the respective macroscopic gold- 
electrode areas. This normalisation procedure is only 
allowed when the electrode morphologies are com- 
parable. A scanning electron microscopy study of the 
(used) electrodes showed some differences in mor- 
phology, see fig. 2. The 500 nm thick Au electrode 
on the reference YSZ surface agglomerated into is- 
lands with a mean panicle diameter of 1.3 ~tm (fig. 
2a) covering 25% of the solid electrolyte surface. The 
500 nm thick Au electrode on the Fe implanted YSZ 
surface also agglomerated in islands but with a much 
larger mean diameter of about 5 pm (fig. 2b). A large 
part of the electrode surface consisted also of inter- 
connected Au islands, as shown in fig. 2c. The Fe im- 
planted YSZ surface was covered for 29% with gold. 
Hence the surface coverage of the YSZ surface with 
the Au electrode is about equal for the Fe- and the 
reference YSZ surface but for Fe-YSZ the intercon- 
nection between the Au islands is much improved. 
As the YSZ samples are sandwiched between two an- 
nular Au foils it is difficult to determine how well 
contact is made with all the individual Au islands. It 
should be noted, however, that the Io values for the 
not implanted samples could be reproduced within 
a factor of 2. In our view the differences in the elec- 
trode morphologies are too small to explain the in- 
crease in the exchange current density with a factor 
of 10-50. 
The results obtained for both the steady state po- 
larisation measurements and the impedance mea- 
surements indicate that the rate determining steps in 
the oxygen exchange mechanism do not change upon 
Fe implantation. The same apparent charge transfer 
coefficients have been determined for the Fe and not 
implanted YSZ sample. The oxygen partial pressure 
dependence of Io changes from m=0.60_+0.02 for 
the reference YSZ sample to m = 0.51 _+ 0.07 upon Fe 
implantation. This could be explained by an increase 
in the fraction of coverage of the adsorbed oxygen 
species at the electrode. When this fractional cov- 
erage is no longer negligible then a decrease in the 
oxygen partial pressure dependence of I0 can be pre- 
dicted. This increase in the fraction of coverage of 
the adsorbed oxygen molecules can be an important 
factor in determining the increase in the equilibrium 
exchange current density. 
For sample Bmi, an activation energy of 141 _+ 5 
kJ/mol is found for Io. This value is somewhat higher 
than found for the reference YSZ sample (112_+ 2
kJ/mol) and the Fe-implanted sample A (115_+3 
kJ/mol). However, for sample Bf~na, (after the cyclic 
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voltammetry experiments) also a lower activation 
energy of about 115 k J /mol  is obtained. The higher 
value for Bin,. may be attr ibuted to a slow change in 
the active electrode area, which stabil ized uring or 
after the cyclic voltammetry experiments. 
In the impedance diagrams obtained from the Au, 
O2,g/YSZ interface [ 15,16 ] and the Au, O2,g/Fe-YSZ 
interface inductive loops are observed at low fre- 
quencies at cathodic overpotentials more negative 
than q= -0 .1  V. Those inductive loops turn into ca- 
pacitive loops at anodic overpotentials. At anodic 
overpotentials arger than q>0.10 V an inductive 
loop appears again at low frequencies. In previous 
studies [15,16,22] it was shown that the experi- 
mental results can be explained with an electrode 
mechanism where a competit ion exists between 
charge transfer and mass transport of molecular ox- 
ygen along the Au, O2,g/YSZ interface. Analytical 
solutions for this mass transport problem were ob- 
tained following the work of Wang and Nowick [23], 
Nguyen et al. [24] and Robertson and Michaels 
[25]. The inductive loops at low frequencies in the 
impedance diagram indicate that a stepwise transfer 
of electrons to adsorbed oxygen species occurs. In 
[16,22] a charge transfer model has been formu- 
lated in order to explain the inductive ffect. Within 
the frame of this model an inductive effect appears 
at cathodic overpotentials when the fraction of cov- 
erage of one of the adsorbed oxygen species increases 
when the cathodic overpotential becomes more 
negative. 
The double layer capacitance of the Au, O2.g/Fe- 
YSZ interface is about a factor 10-100 larger than 
that of the Au, 02,g/YSZ interface. This increase in 
capacitance r sults in an increase of the response time 
of potentiometric oxygen sensors, which is an un- 
wanted effect. Such an increase of the double layer 
capacitance implies that the implanted Fe ions pro- 
vide an extra possibil ity of charge accumulation at 
the Au, 02,g/YSZ interface. A change in the oxida- 
tion state of the implanted Fe ions can account for 
this: 
Fe 3+ +e-~Fe 2+ . (2) 
In a separate investigation [20] this reduction re- 
action was studied in more detail using cyclic vol- 
tammetry. It was shown that in an ambient with a 
low oxygen partial pressure, oxidation and reduction 
phenomena occur which are related to the redox re- 
action of eq. (2). The equil ibrium potential (E °) of 
this redox couple is E ° = - 0.439 V versus Po2 = 1 atm 
at 775°C and is in close agreement with the ther- 
modynamic potential of coexistent Fe203 and Fe304 
phases. Hence if no overpotential is applied all im- 
planted Fe ions will be in the Fe 3+ oxidation state 
at an oxygen partial pressure of 1 atm in the studied 
temperature range. From the scan rate dependence 
of the peak current in the voltammogram it has been 
concluded that the redox reaction at the electrode is 
rate l imited by the diffusion of reduced or oxidized 
electroactive species. Both the implanted Fe ions and 
the electrons or electron holes in the YSZ surface 
layer have been considered as the electroactive spe- 
cies. The diffusion of electrons or holes towards the 
implanted Fe ions was considered to be the most 
likely process l imiting the rate of the redox reaction. 
An increase of the double layer capacitance may 
also result from an increased contact area of the Au 
electrode with the solid electrolyte. From the micro- 
graphs of fig. 2, it can be calculated that the surface 
coverage of Au for the Fe implanted and not im- 
planted YSZ samples are 29% and 25%, respectively, 
and hence no large increase of the double layer ca- 
pacitance can be expected from the electrode 
morphology. 
The diffusion of electrons or holes in the Fe im- 
planted YSZ surface results in an increase of the ac- 
tive area of the electrode, as schematically indicated 
in fig. 23. The contribution of the oxygen exchange 
outside the direct vicinity of the Au electrode to the 
overall oxygen exchange rate will critically depend 
Fig. 23. Schematic representation of the Au, O2,JFe-YSZ inter- 
face showing part of the Fe implanted surface to be active in the 
oxygen exchange reaction if the electronic onductivity is 
sufficient. 
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on the number of charge carriers and their mobility, 
hence on the electronic onductivity of the Fe im- 
planted layer. 
The total conductivity of the Fe implanted surface 
layer has been studied by four-point probe conduc- 
tivity measurements [26 ]. Those measurements have 
been performed with 60 nm thick YSZ films depos- 
ited on insulating A1203 substrates. This procedure 
has been followed in order to separate the conduc- 
tivity of the implanted region from the ion con- 
ducting YSZ substrate. The implantation of 15 keV 
Fe up to a dose of 8× l016 at. cm -2 resulted only in 
small changes in the total conductivity. As only the 
total conductivity of the implanted layer has been 
measured, it is difficult to draw conclusions about 
the electronic onductivity of the implanted layer. In 
the temperature ange of 400-600°C, however, the 
conductivity of the Fe implanted YSZ film was de- 
pendent on the oxygen partial pressure. This was as- 
cribed to the electronic onductivity of the 2 nm thick 
Fe203 layer, schematically presented in fig. 4. Con- 
sidering the electronic onductivity of pure Fe203 
[27] the electronic onductivity of this surface layer 
is probably n-type below 800°C. Above 600°C the 
conductivity of the Fe implanted YSZ thin film was 
dominated by its ionic conductivity. 
Hence the four-point probe conductivity measure- 
ments and the cyclic voltammetry measurements give 
some indication of electronic onductivity in the Fe 
implanted YSZ surface. Due to this electronic on- 
ductivity part of the Fe implanted surface outside 
the direct vicinity of the Au electrode can be in- 
volved in the oxygen exchange, resulting in an in- 
crease of the equilibrium exchange current density. 
Until now the catalytic activity of Au in the ox- 
ygen exchange reaction was neglected and the elec- 
trode was considered primarily as a current collec- 
tor. The catalytic activity of Au metal in the oxidation 
of CO and H2 in air has recently been studied by Ha- 
ruta et al. [ 28 ]. It is shown that the catalytic activity 
of Au metal depends markedly on the crystallite size 
and the supporting oxide. High catalytic activities 
were observed for the oxidation of CO in air if small 
Au crystallites (mean diameter< 10 nm) were sup- 
ported on the oxides of group VIII 3d transition met- 
als like Fe, Co and Ni. The interaction between the 
Au metal and the support resulted in a high catalytic 
activity in the oxidation of CO and H2 in air. Au 
supported on oxides of transition metals like TiO2 or 
ZrO2 appeared to be far less catalytic active. In view 
of these results, the high dose implantation of Fe, 
which turns the YSZ surface into an Fe203 surface, 
may result in an increased catalytic activity of the Au 
electrode in the oxygen exchange reaction. 
The surface oxygen exchange rate measurements 
provide a means of studying the exchange of oxygen 
without the presence of electrodes. At 750°C and 
Po2 = 1 atm the regular YSZ surface shows very little 
oxygen exchange activity. For the Fe-implanted YSZ 
sample a significant increase in the bulk ~80 ratio is 
obtained from dynamic SIMS measurements. Sim- 
ilar results were obtained from gas-phase analysis 
during isotope xchange [29]. The flat ~80 profile in 
the first 2 jam of the Fe implanted YSZ surface in- 
dicates that the diffusion of oxygen within the solid 
is fast compared to the rate of the surface xchange. 
From the difference in the sub-surface isotope ratio 
between the Fe and not implanted sample, it can be 
calculated that the oxygen exchange rate for the Fe 
implanted YSZ sample is at least a factor 10 to 30 
larger than for the not implanted YSZ surface. Hence 
the increase in the rate of the oxygen exchange pro- 
cess is also observed in absence of the porous Au 
electrode. 
5. Conclusions 
This study shows the important role of the surface 
properties of yttria-stabilized zirconia (YSZ) in the 
oxygen exchange reaction at the Au, O2,g/YSZ in- 
terface. The implantation of 15 keV Fe ions up to a 
dose of 8× 1016 at. cm -2 in YSZ results in an in- 
crease of the equilibrium exchange current density at 
that interface with a factor 10-50. 
From the results of the electrochemical measure- 
ments it can be concluded that the rate determing 
steps in the oxygen exchange mechanism have not 
changed after Fe implantation. A competition still 
exists between the charge transfer process and the 
mass transport of molecular adsorbed oxygen species 
along the Au, O2,g/Fe-YSZ interface. Inductive loops 
are observed at low frequencies in the impedance 
diagram during cathodic polarisation. They result 
from a charge transfer process where a step-wise 
transfer of electrons to adsorbed oxygen species takes 
place. 
The results from the electrochemical measure- 
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ments  are suppor ted  by ~80 exchange measurements  
where in the absence of  an Au e lectrode an increase 
in the oxygen exchange rate wi th  a factor  10 to 30 is 
also observed.  
The  increase in e lectronic  onduct iv i ty  of  the YSZ 
surface after  Fe imp lantat ion  is an impor tant  factor  
determin ing  the increase of  the oxygen exchange rate. 
The  avai lab i l i ty  of  e lectrons outs ide the direct  v ic in-  
ity of  the noble  meta l  e lectrode results in an enlarge- 
ment  of  the react ion  zone. An  increase of  the frac- 
t ion of  coverage of  the adsorbed  oxygen molecules  
can also expla in the increase in the oxygen exchange 
rate. 
The  imp lantat ion  of  Fe results in an increase of  
the doub le  layer capac i tance with a factor  10-100.  
Hence  the imp lanted  Fe ions prov ide  an a l ternat ive  
way of  charge accumulat ion  at the Au, O2,g/YSZ in- 
terface. For  sensor app l i cat ions  this  is undes i red  as 
it causes an increase of  the response t ime of  a po- 
tent iometr i c  oxygen sensor.  
Acknowledgement 
The authors  apprec iate  the cooperat ion  wi th  the 
Laborator ium voor  A lgemene Natuurkunde (LAN)  
of  the State Un ivers i ty  of  Gron ingen.  They are grate- 
ful to J.J. Smit  for the ion imp lanter  facil it ies. They 
thank  Dr. D.O. Boerma of  the State Un ivers i ty  of  
Gron ingen for his superv is ion  dur ing  the RBS mea-  
surements .  The  SGM foundat ion  is thanked for put-  
t ing the i r  S IMS faci l ity at our  d ispos i t ion.  Especial ly 
D. Gras  and  A.P. yon Rosenst ie l  are thanked for the i r  
assistance. The  invest igat ions  were suppor ted  by the 
Nether lands  Foundat ion  for Chemica l  Research 
(SON)  wi th  f inanc ia l  a id f rom the Nether lands  Or- 
gan isat ion  for Scient i f ic  Research (NWO) .  
References 
[1]O. Aucielli and R. Kelly, eds., in: Ion Bombardment 
Modification of Surfaces; Fundamentals and Applications, 
Beam Modification of Materials 1 (Elsevier, Amsterdam, 
1984). 
[2]P. Mazzoldi and G.W. Arnold, eds., in: Ion Beam 
Modification of Insulators, Beam Modification of Materials 
2 (Elsevier, Amsterdam, 1987)pp. 412-448. 
[3 ] C.J. McHargue, R. Kossowsky and W.O. Hofer, eds., in: 
Structure-Property Relationships in Ion-Beam Surface- 
Modified Ceramics, NATO ASI Series E: Appl. Sci. Vol. 170 
(Kluwer, Dordrecht, 1989) pp. 231-252. 
[ 4 ] B.A. van Hassel and A.J. Burggraaf, Appl. Phys. A 49 ( 1989 )
33. 
[ 5 ] E.C. Subbarao and H.S. Maiti, Solid State Ionics 11 (1984) 
317. 
[6] E.J.L. Schouler, Solid State lonics 9/10 (1983) 945. 
[ 7 ] M.P. van Dijk, K.J. de Vries and A.J. Burggraaf, Solid State 
lonics 21 (1986) 73. 
[ 8 ] M.P. van Dijk, K.J. de Vries and A.J. Burggraaf, Solid State 
Ionics21 (1986) 83. 
[9]M.P. van Dijk, Ordering, electrical conductivity and 
electrode properties of ceramics with fluorite related 
structures, Ph.D. Thesis (University ofTwente, Enschede, 
The Netherlands, 1985 ). 
[ 10 ] Y. Takasu, T. Sugini and Y. Matsuda, J. Appl. Electrochem. 
14 (1984) 79. 
[11] D. Scholten, Surface modification of ynria stabilized 
zirconia by ion implantation, Ph.D. Thesis (University of 
Twente, Enschede, The Netherlands, 1987 ). 
[ 12] D. Scholten and A.J. Burggraaf, Surface Interface Anal. 9 
(1986) 467. 
[ 13 ] D. Scholten and A.J. Burggraaf, Solid State lonics 16 ( 1985 )
147. 
[14]A.J. Burggraaf, D. Scholten and B.A. van Hassel, Nucl. 
lnstrum. Methods B 32 (1988) 32. 
[ 15 ] B.A. van Hassel, B.A. Boukamp and A.J. Burggraaf, Solid 
State Ionics 48 ( 1991 ) 155. 
[ 16] B.A. van Hassel, Transport and oxygen transfer properties 
of ion implanted yttria stabilized zirconia, Ph.D. Thesis 
( University of Twente, Enschede, The Netherlands, 1990 ). 
[ 17 ] B.A. Boukamp, I.C. Vinke, K.J. de Vries and A.J. Burggraaf, 
Solid State lonics 32/33 (1989) 918. 
[ 18 ] B.A. van Hassel and A.J. Burggraaf, Appl. Phys. A 53 ( 1991 )
155. 
[ 19 ] B.A. van Hassel and A.J. Burggraaf, Appl. Phys. A 52 ( 1991 )
410. 
[20] B.A. van Hassel and A.J. Burggraaf, Solid State Ionics 51 
(1992) 175. 
[21 ] B.A. Boukamp, Solid State Ionics 20 (1986) 3 I. 
[22] B.A. van Hassel, B.A. Boukamp and A.J. Burggraaf, Solid 
State lonics 48 ( 1991 ) 139. 
[23] Da Yu Wang and A.S. Nowick, J. Electrochem. Soc. 128 
(1981) 55. 
[24] B.C. Nguyen, L.M. Rincon-Rubio and D.M. Mason, J. 
Electrochem. Soc. 133 (1986) 1860. 
[25] N.L. Robertson and J.N. Michaels, AIChE Symposium 
series, No. 254, Vol 83 (1987) 56. 
[26]B.A. van Hassel and A.J. Burggraaf, Effects of ion 
implantation doping on electrical properties of stabilized 
zirconia thin films, Solid State Ionics, submitted for 
publication. 
[27] B.M. Warnes, F.F. Aplan and G. Simkovich, Solid State 
lonics 12 (1984) 271. 
[28 ] M. Haruta, H. Kageyama, N. Kamijo, T. Kobayashi and F. 
Delannay, in: Successfull Design of Catalysts, ed. T. Inui 
(Elsevier, Amsterdam, 1988) pp. 33-42. 
[29]B.A. Boukamp, B.A. van Hassel and A.J. Burggraaf, 
presented at the 8th Int. Conf. on Solid State lonics, Lake 
Louise - Canada, Oct. 1991. 
